We analysed the polymorphism of cross-amplified microsatellite loci in two endangered butterflies of the genus Phengaris, which inhabit warm grasslands. Specimens of P. arion and P. 'rebeli' collected in Poland showed contrasting levels of variability in the investigated loci. All six tested microsatellites were highly variable in P. arion, whereas in P. 'rebeli' one locus was monomorphic and the other four loci showed a rather low level of polymorphism. Genetic differentiation was small or moderate among P. arion populations and high among P. 'rebeli' populations. We hypothesise that these differences reflect: (1) the relatively high genetic variability of P. arion compared with other members of the genus, indicated by previous studies on allozymes; (2) the small, in the majority of cases, genetic differentiation among populations of P. arion, which suggests recent gene flow; (3) a decrease in the genetic variability and increased isolation of peripheral populations of P. 'rebeli'. In both species, the occurrence of "null" alleles was suggested for some loci, which should be taken into consideration in future studies of the population structure. Additional analysis performed on the corrected frequency of alleles indicated that "null" alleles constitute only a minor problem when estimating genetic differentiation, using FST and AMOVA, however they strongly influence estimates of heterozygosity and FIS, and inferences about the number of genetic groups and assignment of individuals, especially in the case of ' P. rebeli'.
INTRODUCTION
Butterflies of the Palearctic genus Phengaris Doherty, which according to Fric et al. (2007) is a senior synonym of Maculinea Van Eecke, are among the most intensively studied insect species in Europe . This is mainly because of their conservation status, i.e. they are vulnerable or endangered in many countries (van Swaay & Warren, 1999) , and complicated and fascinating life history. These butterflies are on the wing in summer and females oviposit on the flower heads of specific plants. Caterpillars are phytophagous for only 2-3 weeks and when they reach the fourth (last) instar they leave the host-plants and drop to the ground. Continuation and completion of their development is possible only if larvae are encountered by foraging Myrmica ants, which pick them up and transport them to their nests. There, Phengaris caterpillars transform into social parasites, spending 11 months underground, or 23 if they take two years to complete their development. They exploit ant colonies, either preying directly on the ants' brood or being fed by the workers (Thomas, 1995; Thomas & Settele, 2004) .
Among European representatives of the genus, three species are considered as predators i.e. xerothermophilous P. arion (L.), whose larvae develop initially on Thymus spp. or Origanum vulgare, and P. teleius (Bgstr.) and P. nausithous (Bgstr.), which are rather hygrophilous butterflies associated with Sanguisorba officinalis. Much more sophisticated "cuckoo" feeding is recorded in P. alcon (Den. & Schiff.) and P. rebeli (Hirschke) (Thomas, 1995; Thomas & Elmes, 1998) . However, the taxonomic status of these two species is disputed as recent genetic studies did not differentiate between them (Als et al., 2004; Pecsenye et al., 2007) . Nevertheless, because of ecological differences and some developmental features it is suggested that they should be treated at least as distinct conservation units (Sielezniew & Stankiewicz, 2007) and they are still considered as separate species in many studies. P. alcon inhabits humid meadows where its main larval food plant Gentiana pneumonanthe grows and P. rebeli is confined to dry calcareous grasslands with G. cruciata (Thomas, 1995) . However, there are inconsistencies in recent papers concerning both the generic and specific names (compare e.g. Tartally et al., 2008; Árnyas et al., 2009; Barbero et al., 2009) . In the present paper we call the controversial taxon P. 'rebeli' to avoid any possible confusion.
The relationships of Phengaris butterflies with ants used to be considered highly specific i.e. particular species survived best only in colonies of certain Myrmica species (Thomas et al., 1989) . However, recent studies have revealed much more complicated patterns, including inter-specific and geographical variation in host-ant use, and in the degree of specificity. For example P. arion, which is supposed to be specific to M. sabuleti Mein., can also survive in the nests of other ants (Sielezniew & Stankiewicz, 2008) . On the other hand, in addition to the different host-races of P. 'rebeli' there are also populations that are not host specific (Steiner et al., 2003; Tartally et al., 2008; Sielezniew & Dzieka ska, 2009) .
Larval food plants of Phengaris butterflies and populations of their host ants are very sensitive to changes in land use. Generally the habitats of Phengaris butterflies are dependent on extensively managed grasslands. Therefore, any change in land use, including intensifications, or on the other hand abandonment, can be highly destructive. In fragmented European landscapes, appropriate patches of habitat are becoming more and more rare and scattered, so most of the Phengaris populations are more or less isolated, especially as the dispersal ability of the butterflies is limited (Thomas, 1995; Nowicki et al., 2005; Settele et al., 2005) .
Complex biology and ecology, an often unclear taxonomic status, together with the necessity for active conservation of many populations of Phengaris (Maculinea) butterflies, has resulted in researchers using genetic data in studies on these species. There is no doubt that the molecular techniques, which allow researchers to measure and characterize the pattern of distribution of genetic variability at the molecular level, have significantly increased our knowledge about members of the genus Phengaris (Maculinea). For example, allozyme data were used to analyse genetic differentiation among populations of four Phengaris species inhabiting eastern parts of Central Europe (Pecsenye et al., 2007) , investigate the genetic structure of sympatric populations of P. nausithous and P. teleius (Figurny-Puchalska et al., 2000) and local populations of P. alcon on the Jutland peninsula (Gadeberg & Boomsma, 1997) , as well as resolve taxonomic uncertainties between P. alcon and P. 'rebeli' (Bereczki et al., 2005) . In addition, mitochondrial gene sequences have served as a source of information for reconstructing the phylogeny of Phengaris/Maculinea taxa (Als et al., 2004) .
Recently microsatellite markers were used in studies on Phengaris butterflies. Anton et al. (2007) used them to evaluate the level and pattern of gene flow among fragmented populations of P. nausithous and its specific parasitoid, and Nash et al. (2008) to characterize genetic differentiation among populations of P. alcon and its potential host ant species.
Microsatellite markers are widely used to investigate animal populations, enabling researchers to gain an insight into many different aspects of species biology and ecology (review in: Jarne & Lagoda, 1996; Chistiakov et al., 2006; Selkoe & Toonen, 2006) . However, they are still not very commonly used in studies on Lepidoptera. One of the factors limiting an even wider use of microsatellites in studies on these insects is linked with the problems of isolating a set of loci suitable for a population genetic study (Nève & Meglécz, 2000) . This is probably due to the reduced frequency of microsatellites in the lepidopteran genome, the occurrence of microsatellite DNA families with very similar or identical flanking regions and the high frequency of "null" alleles, which result in extremely low cloning efficiency (Meglécz et al., 2004 (Meglécz et al., , 2007 Zhang, 2004 and references therein; van't Hof et al., 2007 and references therein) .
In order to overcome technical problems, save time and reduce expense in such cases, a cross-species amplification strategy can be applied, based on using PCR primers described for microsatellite loci in one species (the source species) to amplify homologous microsatellites in other species (the target species). This concept is widely used and very useful, for example in taxa with a low frequency of microsatellites within a genome, such as birds (Primmer et al., 1996; Galbusera et al., 2000; Rutkowski et al., 2006) . However, the application of cross-species microsatellite amplification has many limitations: the strategy works best for species belonging to the same genus or recently separated genera (Scribner & Pearce, 2000) and in many cases a given microsatellite may fail to amplify or may be less or even non-polymorphic in target species (Rubinsztein et al., 1995; Morin et al., 1998) . Thus, application of a cross-species strategy requires a preliminary study, which assess the amplification success of particular markers and their level of polymorphism in target species, as only polymorphic microsatellites can be successfully used in population or ecological studies (Frankham et al., 2003) .
So far, in Large Blue butterflies, there are 11 microsatellite markers for P. nausithous and one for P. alcon (Zeisset et al., 2005) , which have been successfully used in population studies (Anton et al., 2007; Nash et al., 2008) . A cross-species experiment indicated that nine of these markers can be amplified in P. teleius with eight of them showing polymorphism, and four were amplified and appeared to be polymorphic in P. alcon (see Table 2 in Zeisset et al., 2005) . Cross-species amplification is also recorded for P. arion and P. 'rebeli', however in both of them only success or failure of amplification is reported, as only one or two individuals were analysed. As far as P. arion is concerned, six loci were amplified and designated by Zeisset et al. (2005) as Macu8, Macu9, Macu11, Macu15, Macu16, and Macu 17. In 'P. rebeli' Macu5, Macu8, Macu11, Macu15, and Malc169 were successfully amplified (see Table 2 in Zeisset et al., 2005) .
The aim of our study was to characterize the polymorphism of those successfully amplified microsatellite markers in relatively large samples of P. arion and P. 'rebeli', and assess the level of genetic diversity present within and between these two xerothermophilous butterflies. First, we determined the proportion of loci that were polymorphic, and hence could be used in population genetic studies on each of the species. Secondly, population level analyses of each species were used to determine whether "null" alleles are present at some loci and estimate their frequency. Thirdly, the level of genetic differentiation among populations within each species and hence the proportion of a species' genetic diversity resulting from differences among populations, were estimated. Fourthly, the indicators of microsatellite polymor-phism at three loci common to both the species studied, were compared.
MATERIAL AND METHODS

Sample collection
P. arion is widely distributed in the Palaearctic while P. 'rebeli' is restricted to Europe (Pech et al., 2004) . Material for the present study was obtained from Poland. We collected 99 individuals of Phengaris (Maculinea) arion and 68 individuals of P. 'rebeli'. Individuals of P. arion were collected in July, between 2005 and 2007, at 16 sites in southern and eastern Poland, i.e. throughout its present distribution range in this country (Sielezniew et al., 2005) . Details are given in Table 1 and locations of the sampled populations are presented in Fig 1. Adult butterflies with heavily worn wings, i.e. hypothetically at the end of their lives, were caught and placed in 96% alcohol. Fragments of thorax were used as a source of DNA.
Distribution of P. 'rebeli' in Poland is restricted to a dozen or so sites in the south-east (Sielezniew & Dzieka ska, 2009 ) and material was sampled from three sites (Table 1 and Fig. 1 ) in the three main distribution areas, which are also the northernmost in Central Europe. The material consisted of caterpillars obtained in late July 2007 from their food plants, i.e. shoots of Gentiana cruciata with eggshells. To reduce any possible negative effect the plants were collected only from patches where caterpillars did not have any chance of survival after dropping to the ground, i.e. those growing outside the foraging zone of Myrmica ants. Such areas were identified by placing sugar baits near occupied plants. Cut shoots put in plastic cups with water remained fresh for about two weeks. Just-emerged fourth instar caterpillars were successively put in 96% alcohol and then used for genetic analyses.
We collected many Gentiana shoots (about 30), some of which bore many eggs although they are laid singly by particular females (Thomas, 1995) . Therefore, every plant certainly hosted the offspring of many females, and it is unlikely that only one or a few families were included in the analyses.
Laboratory procedures
DNA was extracted from approx. 0.5 cm long fragments of thorax (P. arion) and half of each larva (P. 'rebeli'). The remaining parts of samples were stored dry in separate vials (at -72°C) as reference material. For extraction we used Genomic Mini kit (A&A Biotechnology, Gda sk, Poland) applying the manufacturers procedure for fresh tissue samples. Briefly, each sample was physically fragmented using a sterile scalpel and placed in a tube containing 200 µl of lysis buffer and 20 µl of proteinase K solution, and incubated overnight at 50°C. Then, extraction followed the standard protocol. Finally, DNA was eluted in 200 µl of elution buffer.
Using the PCR reaction we amplified 6 microsatellite loci for P. arion, designated by Zeisset et al. (2005) as Macu8, Macu9, Macu11, Macu15, Macu16, and Macu17, and 5 microsatellite loci for P. 'rebeli': Macu5, Macu8, Macu11, Macu15, and Malc169, using primers described by the authors. All microsatellites were simple dinucleotide repeats, except for Macu16, which was a compound dinucleotide repeat (Zeisset et al., 2005) .
Each reaction was performed in 25 µl of reaction mix, which contained: 10 pmol of each primer, 1. 
Phengaris arion
Sample size Elevation Coordinates Region Locality TABLE 1. Information on the locations sampled and sizes of the samples of P. arion and P. 'rebeli' collected in Poland. µl of REDTaq PCR ReadyMix (Sigma-Aldrich, Pozna , Poland) and 7.5 µl of PCR grade water (Sigma-Aldrich). Forward primers were fluorescently labelled on their 5' ends with one of the following labels: Dye2, Dye3 or Dye4 (SigmaAldrich). Prior to PCR, reagents, tubes and pipettes were exposed to ultraviolet light for 15 min. The following PCR profiles were used in a Techne Touchgene thermocycler for amplifying Macu5, Macu8, Macu9, Macu11, Macu15, and Malc169: initial denaturation for 3 min. at 94°C, followed by 34 cycles: 1 min at 94°C; 45 s at 55°C, 45 s at 72°C; and one cycle: 1 min at 94°C; 45 s at 55°C, 5 min at 72°C. For amplifying Macu16 and Macu 17 the annealing temperature was 63°C and the remaining PCR conditions were similar.
The length of amplified fragments and identification of microsatellite alleles was done using a CEQ8000 Beckman Coulter automated sequencer (Comesa, Warsaw, Poland). Data were analysed using Beckman Coulter Fragment Analysis Software.
Statistical analysis
Analysis of the molecular data was done at a few different levels. First, we described the microsatellite polymorphism at the species level. In this analysis of both species, we described the overall size range of alleles, estimated allelic diversity (A) and observed heterozygosity (HO) and unbiased expected heterozygosity (HE) (Nei & Roychoudhury, 1974) for each locus. Fixation index (FIS) for each locus was calculated and its significance tested under 120 randomisations for P. arion, 100 randomisations for P. 'rebeli' and Bonferroni correction for multiple comparison. We also calculated the probability of genotypic linkage disequilibrium between all the pairs of loci within each species. These analyses were performed using GenAlEx version 6.0 (Peakall & Smouse, 2001 ) and FSTAT version 2.9.3 (Goudet, 2001) . Secondly, for each species, we analysed microsatellite polymorphism within and among populations. These analyses were performed only for populations for which more than 10 samples were collected. Thus, in the case of P. arion we included five populations and for P. 'rebeli' all three populations sampled (Table 1) . Besides basic indicators of the population's genetic variability we also estimated genetic differentiation among sampling localities within each species using a variety of methods. Overall ( ) and pairwise (FST) (Weir & Cockerham, 1984) estimates of genetic differentiation were obtained from FSTAT version 2.9.3 (Goudet, 2001) . Significance of pairwise FST was tested using 200 permutations (P. arion) and 60 permutations (P. 'rebeli'). To reduce the likelihood of type I errors among multiple tests we applied a Bonferroni correction. For we estimated 95% confidence intervals as implemented in FSTAT. Then, using the AMOVA procedure in Arlequin software (version 2.0; Schneider et al., 2000) we estimated the proportion of variance among and within populations. Stepwise mutation model (SMM) was assumed for evolution of microsatellite markers. The significance of the observed variance components was evaluated by means of a non-parametric permutation method (Excoffier et al., 1992) as executed in Arlequin.
Finally, we used a Bayesian-clustering method (STRUC-TURE version 2; Pritchard et al., 2000) to examine how well predefined "populations" corresponded to genetic groups (K). We ran Structure three times for each user-defined K (1-5 for P. arion and 1-3 for P. 'rebeli') with an initial burn in of 50 000 and 100 000 iterations of the total data set. We used the admixture model of ancestry and the correlated model of allele frequencies. The proportion of membership of each predefined "population" within each genetic group was estimated for K with the highest likelihood. Sampling location was not used as prior information.
Each population was also tested for the presence of "null" alleles using Micro-Checker (van Oosterhout et al., 2004) . We performed this analysis only at the population level to avoid the influence of heterozygote deficiency caused by the Wahlund effect. Frequency of "null" alleles in each population was estimated using two methods in Micro-Checker: Oosterhout (van Oosterhout et al., 2004) and Brookfield (Brookfield, 1996) . Using the same software, we estimated the adjusted frequencies of alleles in each population, taking into account the presence of "null" alleles. We used the van Oosterhout et al. (2004) method. Then we repeated the analysis at the population level, based on the corrected genotypes.
We compared microsatellite polymorphism in P. arion and P. 'rebeli' at three loci, which amplified in both species. In particular, we compared allelic richness, observed heterozygosity, FIS and FST between two groups of populations: Group I (five populations of P. arion; n = 69, Table 3a ) and Group II (three populations of P. 'rebeli', 2. Characterization of six microsatellite loci amplified in the total sample of P. arion (n = 99) and P. 'rebeli' (n = 68). Size range -size of fragments obtained during PCR, including flanking region; A -number of alleles; HO -heterozygosity observed; HE -heterozygosity expected; FIS -fixation index. * -significant FIS value after Bonferroni correction (Bonferroni corrected P-value at = 0.05 was 0.0083 for P. arion and 0.01 for P. rebeli); Nc -not calculated.
RESULTS
P. arion -species level
We failed to amplify Macu16 in three samples despite several repeats and applying a wide range of annealing temperatures (47-60°C) and number of PCR cycles (up to 45). Two of them were collected at Piaski (NE Poland) and one at Orchówek (E Poland). Remaining microsatellites were successfully amplified in all individuals tested (n = 99). All six microsatellites were found to be polymorphic with 8 (Macu16) to 23 (Macu17) alleles (Table  2 ). In total 95 alleles were detected. In four out of six microsatellites, FIS was significantly higher than zero indicating heterozygote deficiency. Accordingly, the overall FIS value was higher than zero and significant.
P. arion -population level
Comparison of populations where more than 10 samples were collected, indicated that the Gugny population had the lowest level of microsatellite polymorphism (in terms of A, R, and heterozygosities) (Table 3a) . It was also the only population for which the overall FIS was significantly higher than zero. The highest values of indicators of microsatellite polymorphism were detected in the Hutki-Kanki population. In four out of five populations, the FIS for the Macu16 locus had a high positive value, indicating strong heterozygote deficiency, with the most striking example being the Kluszkowce population, where despite the presence of two alleles, no heterozygotes were found (Table 3a) .
Analysis in Micro-Checker suggested the presence of "null" alleles in the Gugny population at locus Macu15, however because more than 50% of the homozygotes were of one allele size class, a bi-nominal analysis could not be performed. For Piaski, analysis indicated the presence of "null" alleles at Macu11 (combined probability P < 0.025) and suggested the presence of "null" alleles at Macu16 (more than 50% of homozygotes were of one allele size class, so a bi-nominal analysis could not be The characterization of the microsatellite polymorphism of P. arion from five populations (n = 69). N -number of individuals for which this locus was successfully amplified; A -number of alleles; R -allelic richness; HO -heterozygosity observed; HE -heterozygosity expected; FIS -fixation index; FIS O -fixation index for corrected genotypes using Oosterhout method; * -significant FIS value after Bonferroni correction (Bonferroni corrected P-value at = 0.05 was 0.0017). performed); for Babice "null" alleles were detected at Macu16 (P < 0.001) and possibly present at this locus in the Hutki-Kanki population. The frequency of "null" alleles in each population are presented in Table 4 .
Analysis based on the data set with adjusted allele frequencies indicated no significant FIS either overall or for a particular locus in any population (Table 3a) .
Analysis of genetic differentiation among the populations of P. arion investigated indicated moderate overall differentiation ( = 0.102; CI 95% = 0.071-0.139; and for adjusted allele frequencies = 0.104; CI 95% = 0.073-0.137). Pairwise FST showed small genetic differentiation for the majority of comparisons, with the highest value (FST = 0.23) for Kluszkowce and Gugny. The smallest differentiation was found between the Piaski and Hutki-Kanki populations. Pairwise FST values for corrected genotypes were very similar (Table 5a ). AMOVA indicated that the main part of the variation was explained by differentiation within populations (Vb = 89%; P < 0.01) ( Table 6) . AMOVA results for corrected genotypes were identical.
In the STRUCTURE analysis likelihoods were consistent among runs (Table 7a) . Assuming an admixture model of individuals' ancestry, the highest likelihood was shown for three genetic groups, independent of whether the original or corrected genotypes were used. 96% of the Gugny population was assigned to the first group, however 25-28% and 19-20% (depending on the run) of the Piaski population was also assigned to this group, for original and corrected genotypes, respectively. The second clade was composed of individuals from Piaski (60% and 70% of individuals from this population were assigned to this clade for original and corrected genotypes, respectively), Babice (for which it was 75% and 76%) and Hutki-Kanki (for which it was more than 80% and 85%). The third clade was composed almost exclusively of individuals from the Kluszkowce population (almost 90% and 92% of individuals from this population were assigned to this clade, for original and corrected genotypes, respectively). Individual assignments are presented in Fig. 2 We found significant linkage disequilibrium for three combinations of loci (Macu8 and Macu16; Macu9 and Macu11, Macu9 and Macu15) at the species level but not at the population level. Hence, we supposed that the observed linkage among loci was an outcome of population structure within the species.
P. 'rebeli' -species level
We failed to amplify Macu8 in one individual from Przemy l, Macu11 in one individual from Sromowce, Macu15 in four individuals from all three populations and Macu169 in three individuals (two from Sromowce and one from Smolnik). For these samples we applied a wide range of annealing temperatures (47-60°C) and number of PCR cycles (up to 45) and performed three independent PCR reactions for each combination of conditions. Four out of five microsatellites analysed were polymorphic with nine (Macu15) to three alleles (Macu5 and Malc169) ( Table 2 ). In total 20 alleles were detected. At three out of four polymorphic loci FIS values were very high and significant. Accordingly, the total FIS value was also higher than zero and significant (Table 2 ).
P. 'rebeli' -population level
A low level of microsatellite polymorphism (in terms of A, R, and heterozygosities) was observed in each of the populations investigated (Table 3b ). Whereas mean values of A and R did not differ distinctly among populations, the lowest percentage of polymorphic loci was recorded at Przemy l where it was 40% rather than the 80% at Sromowce and Smolnik. The overall FIS values were significantly higher than zero in two populations (Przemy l and Sromowce). FIS values for particular loci were significant for two polymorphic loci in the Przemy l population. Analysis in Micro-Checker suggested the presence of "null" alleles both for polymorphic loci at Przemy l and Macu15 in the Sromowce population. Because in all cases more than 50% of the homozygotes were of one allele size class, bi-nominal analyses were not performed. The frequency of "null" alleles in both populations at each locus are presented in Table 4 .
Analysis based on the data set with adjusted allele frequencies indicated no significant FIS either overall or for a particular locus in any population (Table 3b) .
Analysis of genetic differentiation among the populations of P. 'rebeli' investigated indicated very strong overall differentiation ( = 0.644; CI 95% = 0.381-0.836 for original genotypes and = 0.533; CI 95% = 0.287-0.843 for corrected genotypes). Pairwise FST showed high genetic differentiation among populations (Table 5b ). AMOVA indicated that the main part of the variation was explained by differentiation among populations (Va = 65% for original genotypes and Va = 60% for corrected genotypes) ( Table 6 ). The STRUCTURE analysis indicated three genetic groups (Table 7b ). Individual assignment (Fig. 3a) placed all the individuals from Przemy l in two genetic groups with equal probability. The third genetic group consists of individuals from Smolnik and Sromowce. In the case of corrected genotypes, different results were obtained. The STRUCTURE analysis indicated two genetic groups (Table 7b ). Individuals from Przemy l were assigned to the first group, whereas individuals from Smolnik and Sromowce (Fig  3b) were assigned to the second.
Significant linkage disequilibrium was found for all combinations of polymorphic loci at the species level but not at the population level. As in P. arion, the observed linkage among loci could be an outcome of the population structure within the species.
P. arion vs. P. 'rebeli'
Comparison of results obtained for three microsatellite loci common to both the species studied indicated that the level of polymorphism was significantly higher in populations of P. arion than P. 'rebeli' (P = 0.02 for R; P = 0.02 for HO) for original as well as corrected genotypes. The FIS value was significantly higher in P. 'rebeli' (P = 0.03), but only for original genotypes.
DISCUSSION
For Lepidoptera the level of cross-amplification success and ratio of polymorphic loci among those amplified differs significantly among experiments. For example, no successful amplification was reported in cross-amplification of microsatellites from Erynnis propertius in E. pacuvius (Hesperiidae) and it was very low in three other members of the genus (6-33%), however in E. tristis it was quite high (85%), with a substantial ratio of polymorphic loci among those amplified (58%) TABLE 5a . Among-locality genetic differentiation (pairwise FST) for P. arion. Only localities with more than 10 samples were considered. All values are significant (Bonferroni corrected P-value at = 0.05 was 0.005). Below diagonal -FST for original genotypes; above diagonal -FST for corrected genotypes using Oosterhout method. TABLE 5b . Among-locality genetic differentiation (pairwise FST) for P. 'rebeli'. All values are significant (Bonferroni corrected P-value at = 0.05 was 0.016). Below diagonal -FST for original genotypes; above diagonal -FST for corrected genotypes using Oosterhout method 2007). Another example of low cross-amplification success are 22 microsatellites from Cydia pomonella. Only 18-27% of these microsatellites were amplified in two other species from the same genus and only 13% of those were polymorphic (Franck et al., 2005) . This is to be expected as the microsatellites flanking regions differ between Lepidoptera species (Meglecz et al., 2004) . However, they tend to be more similar in closely related species. Typically, the success of cross-amplification within a genus is rather high (60-100%), with 40% to 100% of the polymorphic loci among all loci tested (e.g. Fauvelot, 2005; Mavárez & González, 2006) .
A previous study on Phengaris (Maculinea) in which microsatellites from P. nausithous were cross-amplified in P. teleius and P. alcon, reported 83% and 33% of amplified loci and 75% and 33% of polymorphic loci among those tested, respectively (Zeisset et al., 2005) . In the case of P. arion and P. 'rebeli', cross-amplification was more successful in the case of the former (success of amplification approx. 55% in P. arion versus 36% in P. 'rebeli'). Our study confirmed this tendency as all six loci that were successfully amplified in P. arion were polymorphic [100% of the polymorphic loci among those successfully amplified and including data of Zeisset et al. (2005) 55% of all those tested], while in P. 'rebeli' three out of four amplified loci were polymorphic (75% of the polymorphic loci among those successfully amplified and only 25% of all those tested). Moreover, among amplified loci, P. arion had a higher level of polymorphism, in terms of allelic diversity and hetrozygosities, than P. 'rebeli'.
These results can be explained by two factors. First, as analysis of mitochondrial genes suggest (Als et al., 2004) , P. arion is more closely related to the source species (P. nausithous) than P. 'rebeli'. It was shown that success of amplification of a locus in cross-species strategy and the probability of a locus being polymorphic was higher when genetic distance, estimated using cytochrome b sequence divergence, between source and target species, was small (Primmer et al., 2005) . Increasing phylogenetic distance may lead to the accumulation of mutations in flanking regions, and subsequently, to the occurrence of "null" alleles or unusable microsatellite markers (Harr et al., 1998) . Thus, the higher success and higher polymorphism of cross-amplified markers in P. arion might be explained by a closer phylogenetic relationship with the source species.
Secondly, there is another factor, which could influence polymorphism of microsatellites in P. 'rebeli'. The samples were obtained from one region, which could be considered to be at the northern edge of the range of this butterfly in Central Europe. Many studies have indicated a lower genetic diversity, in terms of microsatellite polymorphism, in peripheral populations relative to core populations (Rossiter et al., 2000; Bouzat & Johnson, 2004; Faugeron et al., 2004; Arnaud-Haond et al., 2006) . If this is the case then more intensive sampling over a wider range of the species distribution should result in more alleles being identified in the loci analysed.
On the other hand, a comparative study based on allozymes indicated greater genetic variability in P. arion than in four other species of Phengaris (Maculinea) (Pescenye et al., 2007) . Comparison of our results with data for P. nausithous, P. teleius, and P. alcon from other studies confirmed this observation. For example, Zeisset et al. (2005) report five alleles at Macu17 for 38 individuals of P. nausithous (0.13 alleles per individual), whereas we found from five to nine alleles at this locus in a single population of P. arion, where sample size did not exceed 20 individuals (from 0.16 to 0.69 alleles per individual). In another study, where large samples (25-38 individuals) of P. nausithous from 19 localities were analysed, three alleles were detected at locus Macu11 (Anton TABLE 6 . AMOVA results for five populations of P. arion (n = 69) and three populations of P. 'rebeli' (n = 68). TABLE 7a . Inference of the number of genetic groups (K) and likelihoods (Ln Pr(X K) for each value of K among runs for P. arion using STRUCTURE (100,000 iterations, burn-in 50,000). Analysis based on corrected genotypes. -347. 9 -347.4 -346.9 -270.9 -270.9 -272.2 3 -342. 3 -342.4 -342.7 -276.8 -277.0 -276.8 2 -533. 8 -535.0 -535.6 -471.9 -470.0 -475. This is unexpected, as many studies comparing homologous loci in different species report higher polymorphism in the source species, for which primers were characterised first (Jarne & Lagoda, 1996) , including invertebrates (Hutter et al., 1998; Luna et al., 2001; Rutkowski et al., 2007) . Similarly, a higher polymorphism is recorded in P. arion for the majority of loci it shares with P. teleius and P. alcon [see Table 2 in Zeisset et al. (2005) ]. We suggest that populations of P. arion have a higher level of genetic variability than other members of the genus, however confirmation of this and its explanation requires further study, involving sympatric populations and more comparable sample sizes. Conversely, P. alcon (including P. 'rebeli') is reported to be less polymorphic than other lycaenid butterflies (Bereczki et al., 2005) .
It is possible that the effective population size of P. arion is higher than that of other members of the genus, especially P. alcon and P. 'rebeli'. Larval food plants of the latter two taxa, i.e. gentians, are usually distributed patchily at sites and are usually heavily loaded with eggs. Therefore many "cuckoo" caterpillars may be adopted by one colony and therefore experience contest competition. As far as P. arion is concerned the distribution of larval food plants i.e. Thymus species, and hence of caterpillars, is usually more even. Larvae of P. arion are also less advanced social parasites with "scramble" competition (Thomas & Elmes, 1998 ). For the above reasons variation in reproductive success reducing effective population size is more plausible for P. alcon and P. 'rebeli' than P. arion.
As the analysis at the population level indicated that in both species at least some loci are affected by "null" alleles. In P. arion, depending on the method used, the frequency of "null" alleles varies from 14% to 40%. Locus Macu16 seems to be especially vulnerable to this problem, as "null" alleles were present at this locus in three out of the five populations analysed. In P. 'rebeli' "null" alleles were present in two out of three populations. In both of them Macu15 was indicated as bearing "null" alleles. Interestingly, heterozygote deficit was indicated for this locus in the source species, P. nausithous (Anton et al., 2007) , but only at one out of 22 localities studied; and in P. teleius and P. alcon (Zeisset et al., 2005) . Moreover, quite a high frequency of "null" alleles at this locus in P. arion was also indicated by our results. Thus, "null" alleles at Macu15 are a real problem, irrespective of the species studied. We suggest that when studying Phengaris butterflies one should bear in mind the presence of "null" alleles, estimate their frequency and then do an analysis using corrected genotypes. The comparison of results obtained using original and corrected genotypes indicated that the problem is especially important in P. 'rebeli'. Whereas the presence of "null" alleles seems to influence only the estimate of the inbreeding coefficient in P. arion, adjusting the frequency of alleles clearly changed the number of genetic groups and assignment of individuals within P. 'rebeli'.
For each of the species we found a contrasting level of within-population differentiation. While in P. arion the majority of the genetic variability was explained by within-population differentiation, in P. 'rebeli' a greater proportion of the variability resulted from differentiation among populations. Pairwise comparisons in the case of the former species indicated moderate genetic differentiation among populations and very high and significant FST values for the latter species, despite in some cases the geographical closeness of the localities sampled. Analysis in STRUCTURE indicated the presence of a population structure in both species, but in P. arion individuals from particular localities (presumed populations) were assigned to a few clades, which indicated a rather substantial level of population admixture. In contrast, this analysis indicated a very strong differentiation between P. 'rebeli' individuals from Przemy l and two other populations. These results might indicate that P. arion is better at dispersing. Indeed, different levels of population subdivision are reported in two sympatric species of Lepidoptera, which differ in flight capability, indicating a smaller among-population differentiation in larger, hence more "mobile" species (Zakharov & Hellmann, 2008) .
The level of population differentiation in P. arion indicated by the present study (overall FST = 0.110) is almost identical to that reported for populations of the species from southern parts of Central Europe (overall FST = 0.097), based on an analysis of allozyme loci (Pecsenye et al., 2007) . These results suggest a significant reduction in gene flow, which is not surprising as Polish populations of P. arion inhabit rather isolated localities usually separated from each other by vast areas of unsuitable habitat. On the other hand, because of the ecological variation we expected an even larger differentiation in this species. Polish populations differ in terms of larval food plants and host ant species (Sielezniew et al., 2005; Sielezniew & Stankiewicz, 2008; M. Sielezniew, unpubl.) . For example there was a significant, but very small genetic difference between the Kluszkowce population, where larvae developed initially on Thymus pulegioides and then in nests of M. sabuleti (M. Sielezniew, unpubl.) , and Piaski where T. serpyllum is the food plant and the ant hosts three other Myrmica species (Sielezniew & Stankiewicz, 2008) . This suggests that gene flow between southern populations and north-eastern areas was recently rather intensive. Similarly, the lack of a clear pattern of genetic differentiation between groups of populations using different food plants was recently indicated for the Phengaris alcon/rebeli group (Bereczki et al., 2005) .
Moreover, there was a high value of FST for the two populations from the north-east: Gugny and Piaski, despite the very small geographical distance between them. The Gugny population has some unique characteristics, as it consists of patches of raised dry land surrounded by fen communities, which are hostile to xerothermophilous species. It also has the lowest levels of allelic diversity, allelic richness and heterozygosity of the populations investigated. This suggests that the Gugny population is isolated from other populations, so these marked differences might be caused by genetic drift. Hence, we concluded that patterns of differentiation and factors affecting genetic differences among populations of P. arion require further study, based on a larger number of localities and individuals.
As far as P. 'rebeli' is concerned, the gene flow among the populations investigated seems to be strongly reduced. Again, this could be an effect of analyzing peripheral populations, which studies of other species indicate are highly differentiated (Bouza et al., 1999; Pedersen & Loeschcke, 2001; Bouzat & Johnson, 2004) and Lepidoptera are no exception (Zakharov & Hellmann, 2008) . On the other hand, a large proportion of the genetic variation explained by differences among populations is mainly due to the genetic distinction of the population at Przemy l. Pairwise comparisons for this population were extremely high, whereas the FST for the Smolnik-Sromowce pair is included within the range observed for P. arion.
Przemy l and Sromowce are contrasting populations in terms of the host ants. M. sabuleti and M. scabrinodis Nyl. are the hosts at Przemy l (Sielezniew & Stankiewicz, 2007) while M. schencki Em. is the only host recorded at Sromowce (Sielezniew & Dzieka ska, 2009) . However, such data for Smolnik is missing and therefore, it is not possible to conclude that the observed differentiation might be related to variation in host ant specificity. Moreover, in two populations (Przemy l and Sromowce) we found high FIS values for the majority of loci, indicating heterozygote deficiency. Analysis of corrected genotypes suggested that this could be an effect of the presence of "null" alleles, as mentioned above, however a similar phenomenon is reported for P. alcon in Denmark (Gadeberg & Boomsma, 1997) . The authors used allozymes as a genetic marker, thus "null" alleles could not be the explanation in that case. Instead, they propose that the co-existence of two separate genetic pools associated with different ants might account for this observation.
It is also plausible that populations of P. 'rebeli' were strongly isolated from each other, which in addition to the low dispersal ability of the species, leads to genetic drift and inbreeding. The population at Sromowce was very small and this species has recently declined in abundance in the Polish part of the Pieniny Mts due to the cessation of grassland management there (Sielezniew & Dzieka ska, 2009 ). However, the Przemy l population was present at the borders of the city and is isolated by a wide area of buildings, agriculture land, parks and forests. Moreover it is the former area of the fortress of Przemy l, which was an arena of intensive warfare a century ago. Xerothermal grasslands at P. 'rebeli' sites could undergo dramatic changes causing bottlenecks in local butterfly populations.
Summarising this part of the study, we can state that the microsatellites described for P. nausithous can be used to investigate the population genetics of P. arion. In this species we found high polymorphism at all loci, which enabled the use of those markers even in fine-scale studies of genetic structure, level of migration, etc., especially when used with additional molecular markers, such as allozymes. In the case of P. 'rebeli', only three loci from P. nausithous were polymorphic. Additionally, one marker (Malc169), described for P. alcon (Zeisset et al., 2005) , also showed polymorphism. Using only four or six microsatellites could hinder the appropriate characterization of population genetic structure, as at least 10 polymorphic loci are necessary to avoid erroneous inference in genetic population studies (Koskinen et al., 2004) . On the other hand, studies based on three to seven microsatellite markers are not rare, especially of Lepidoptera, where identification of a large set of microsatellites could be difficult (e.g. Keyghobadi et al., 2005; Nash et al., 2005; Sigaard et al., 2008) . Bearing in mind the relatively small number of loci and the presence of "null" alleles in P. arion and P. rebeli, there is no doubt that the search for additional markers in both species should be continued, however we can state that the microsatellites analyzed in this study provided a valuable additional "molecular tool", which supported the investigations based on more universal markers, such as allozymes or AFLPs.
